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INTRODUCTION

The Energbeoubler superconducting magnets in their present
design require safety leads for prompt extraction of the stored
energy in the event of a quench. The design criteria for these
leads differ from the one for the power leads since the safety
lead will carry current only during infrequent and short periods.

In this memo, the problem is analyzed, a key parameter
involved (the integral of the specific heat over the resistivity
from room temperature to a still safe temperature Tmax) is calcu-
lated for several materials using solid state theory and Debye
Temperature»values from the literature. This parameter is useful
when comparing the capacity of metéls.for handling current sﬁrges.
The computer programs developed to do these calculations afe
included as an appendix.

ANALYSIS

A conservative design criterion is that the energy deposited
in any section of the lead be insufficient to raise its temperature
above the safe value Tmax under the worst external cooling condi-
tions; namely, no external cooling.

Let A, p, and c be the cross section area, resistivity and
specific heat of an element of length dx of the lead. The

electrical resistance of this element will be R = p(T)%? and its
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heat capacity C = puAc(T)dx where u is the density of the material.
When a time dependent current I = I(t) goes through the lead, the
energy deposited in the lead per unit time by Joule heating raises
the temperature, T, of the lead element according to the energy
balance expression:

Ap c(T) g{l dx = (j—\) 12 (t)p(T)dx. (1)

According to the above mentioned criterion we are neglecting
heat transfer into or away from this element of lead. The usual
short duration, At, of I(t) # 0 validates this approximation which
in any case represents the worse case from a safety point of view.

Further simplification of the problem is made by assuming a
uniform cross section lead, which is the preferred type from the
standpoint of fabrication.

Expression (1) in an integral form reads:

T At
max
A%y f-——‘;—% dr = jlz(t) dt. (2)
0

initial
The right hand side could be called a "quench load", and is
expressed in a’sec or Joules/Ohms. In fuse literature it is known
by the misleading name of fuseing current. A maximum I(t) expected
in the quench of an Energy Doubler dipole is graphically shown in
Fig. 1. 1Its corresponding quench load is:

At
F = fIZ(t)dt = 6.66 x 10° Joule/S.
0
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Figure 1

Maximum Current Pulse Expected From a Quench

of an Energy Doubler Dipole

QUENCH CAPABILITY

The left hand side of expression (2) depends only on the lead
material, its cross section and the temperature limits. By
specifying the initial temperature as room temperature (the highest
temperature before the current surge) and Tmax as the highest safe
temperaﬁure, we define the "quench capability", £, of the lead
material as:

T
max
_c(T)
]} o(T)
300K

daT.

According to solid state theory both the specific heat and the
resistivity as a function of temperature can be expressed in terms

of the Debye Temperature, 0, of the material and its resistivity

at this temperature, p(9).
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The specific heat of a solid near and above room temperature
is mainly due to lattice vibrations and according to the Debye

theory! is given by

o/T
[ 3 AV
— 9kpNIT ely'dy
0
where kg = Boltzmann constant,
N = Avogadro's number,

and M = Molecular weight of material.
Also the resistivity can be expressed in terms of a dimensionless
integral? when the electrons are scattered mainly by phonons:
e/T
Ly 5 y dy
T) = 0) | =
p(T) p( )(@) f (e¥-1) (l—e'y—)—

0

One of the computer programs in the appendix, SL3.F4, calculates
the above integrals and their ratio to within .2%, generating a
table SL4.DAT which is used in the second program SL4.F4. This
second program requests data on the material (u, M,.e, p(©) and

the thermal conductivity integrathoofaT) and calculates the
‘ 4.2K

quench capability, £, as well as the merit figure z explained
below.

When a safety lead is not cooled by exchanging heat with a
gas flow, the conduction heat load, Q, should be minimized.

300K
From Q = %»J- AdT where A is the thermal conductivity and

4.2K
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% is the length of the lead, and F = A% f we get

300K
(P11
Q—-\{;Ef)\dT.

4.2K

For a fixed design, the material with largest merit figure:

300K
z =\]? deT
4.,2K

should be preferred if all other mechanical and economic constraints
are satisfied.

However, vapor cooled leads are very efficient in reducing
the conduction heat load and a material with largest f compatible
with other fabrication constraints should be selected.

On Table I, the parameters f and z are presented for ‘a list
of single element materials in the case of a heating excursion from
room temperature to 180°C (soft solder lowest melting point is 185°C).
The material properties used as input were obtained from the
literature®, which in many cases does not have unique values for ©
or the thermal conductivity integral. Average values were then used
and the percental error indicated in f covers the spread found in
the literature.

.On Fig. 2, the quench capability of copper and nickel are
shown as a function of the upper limit of the heating excursion.

The third program of the Appendix, SL5.F4, calculates this result.
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CONCLUSION

The materials examined classify themselves with respect to
quench capability inversely to their resistivity at the Debye
Temperature, and copper seems an easy choice when the conduction
heating is compensated by vapor cooling. Lead is an exception.

For leads with uniform cross section and without vapor cooling
niobium followed by nickel are better choices since lead might be
too soft.

Copper plated stainless steel, might be the best engineering

compromise for simple vapor cooled leads.
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TABLE I

Quench Capability and Merit Figure of Several Elements

For A Heating Excursion From 300 To 453K

f z
Material  MJ/Qcm" sec 1/zcm--lv'_1

Au 630.t5% .022
Ag 557.+2% .010
Cu 319.+5% \ .012
Pb 143.+14% .075
Al 96.2%+1% .0063
W 89.5+7% .004
Mo 48.6+9% .014
Ta 46.6+8% .038
Ni @ 44.6 .031
Nb 41.5+5% .041

Fe 31.7+5% .014
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Figure 2

Quench Capability of Copper and Nickel



~9= TM-674

APPENDIX

a01a0 TAFETY LEARD MATERIAL SELECTION ZCHEME

aoza0

af3a0 L3t PBASED IN THE DEBYE THEORY THIZ PROGRAM GENERARTES TRBLES OF
00300 TZPECIFIC HERT, RESIETIYITY AND THEIR RATIO IN A DIMENSIONLESE

FORM. ITS OUTPUTs 3L4.DAT. I3 TO BE UZED BY ZL4.F4.
EXECUTION REQUEST: EXEC ZL3»D3KB:GRTRI10:0]

aas090

S v S O T T T W Y

aorFan PRECIZION OF RATIO: .2X
aosnn

0300 DIMENSION CO2S5000 sR2S0O0D sCR2S00D s RUX (1002
1000 EXTERNARL ZH»RHI

1100 wl=1.

ol1ao0 EPE=8.E-6

01200 EPZR=1.E-H

1400 HDIC=5

51500 HDIR=5

H1aan IER=3

31700 =0,

11300 IA=0

1300 CALL OFILE«z20s “ZL4.DRT ">

WRITE (2053

- GEMERATE TARBLES OF INTERNAL IMTEGRALE AND RRTIO
D0 1 I=150.2200.1

i REPORT CARLCULATIOM PROGREEE TO TERMINAL
AI=1
II=RI-10.
IFCIT.ME. IR WRITE ¢Ss72 1

nevon IR=11

ozann 7 FORMRT ¢~ s 14>

Hz2=304a wI=1 .

nzo0n ml=H4 11000,

03100 d=1-143

nzaon 21 CHLL GRTROXLs®UsEPSCsNDIC» ZHy 'y IERs AL

03300 EPZC=1.E-3+Y

3400 Coldr=y

g43500 IFCIER.ER.2» B30 TO 30

G2a00 ‘ IFCIER.NE. DD WRITE S 20 IER» B W s NDIC

a7 00 [=4 FORMAT ¢~ GQRTR ERROR s I2:" SHO sF5.3s " 3="sFs 12
033040 33 CARLL BATRCALs Xy EPSRyNIIRsRHOs ¥y IER 2 RIS

03300 EPIZR=1.E-3+Y

04000 Roody=Y

04100 IF <IER.EZ.2» 30 TO 32

a4z 00 IFCIER.NE. I WRITE (S 30 IERs XUUs Ys NI IR

4300 3 FORMAT " RATR ERROR 12" RHOC sFS5. 3 “3="3sFs 12
04400 CROJr=C 0 la RO

04500 MRITECZNsSo RSO0 s RO s CR O

134500 1 COMTINUE

T PRINT EUMARRY TARBLE
WRITE iS5s62

= FORMRAT © TD-T CoATOM RESISTIVITY CoRD
oo 4 = 200:1500,100




15100
15200
05390
05400
NS300
03500
05700
as300
5300
0000
nsi1o00
Y= 2 111
053200
054060
nes o0
a7 00
05300
HS3010
a7 oan
IES RIR 1
nFz00
07300
n7400
aFs00
7500
I TR 1]
orvann
aF=0qa
=000
03100
32090

g4=300

EMD OF

CRIV TIME: Sh:

EXIT

“I=1
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#X=41-1000.

J=1-143

WRITE(Ss3) HKyZC(JrsRCII TR CID

FORMAT ¢~
CONTINLE

TOP

“2F11.4s2E11.3sF11 .42

L INCREASE QRATR PRECISION

30 IF¢NDIC.GE. 100> 307D 31
NDIC=MNDIC+1
WRITECS: 343 NDICy ¥
33 FORMAT ¢~ NIIC INCREASED TO7:13s° RT A="yFD
50 70 31
32 IFCRDIR.GE. 100> 507D 33
MDIR=NDIR+1
WRITE (S 35xNDIRs XL
25 FORMAT ¢ HMOIR INCRERSED TO’sI3s” AT XK="sF>
070 33
EMD
- DEBYE THEORY FUNCTIONS
FUNCTION =H XD
TH=0.
IF{X.EG. 0. 3 RETURN
T=EX4P =2
TH=Y o eeds (iF—1, 0 +820
RETURN
EHD
FUMCTION RHO (R
ZH=1.
IFCE.EQ, 0.9 RETURN
FPHO=XeeS L (EXP (&3 ~1., 001, —EXP =K 32
RETURN
EMD
PRINTOUT OF SUMMARY TARLE
TD-T CoRATOM RESISTIVITY LR
0.2000 0.266E-02 0.33%9E-03 5.56642
o.,3003 0.395E-02 0.202E-92 4.4440
3.4000 0.212E-01  0.535E-02 3.3343 (Table SL4.DAT
n.S000 0.412E-01 0.154E-01 2.5693 , .
0.6000 0.707E-01 0.318E-01 2.2254 available on
D.7000  0.112E+0D 0.535%E-01 1.2083 request)
0.2000  0.165E+00  0.333E-01 1.6716
0.2000  0.233E+00  0.157E+00 1.4373
1.0000 0.317E+00  0.237E+00 1.34040
1.1000 O.412E+00  0,.343E+00 1.2135
1.2000 0,S3FE+00 0.473E+00 1.1194
1.3000 D0D.574E+00 0O.551E+00 1. 0347
1.4000 0.321E+00  0,354E+00 0. 9622
1.5000 0.101E+01 0.112E+01 0,39935
EXECUTION

22.35

ELAFSED TIME: 2:31:45.33
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01040 [ SRFETY LERD MRTERIAL ESELECTION SCHEME
Q0200 | '
IR I THIS PROGRAM USES THE OUTPUY TRBLE =L4.DRT

noza0
! Wnn

GEMERATED BY IL3.F4y REGUESTS MATERIAL DRATR BND TEMPERATURE

L o I B ]

00 LIMITES AND CRLCULARTES THE MARTERIAL DEPENDENT
Q0600 INTEGRAL F AND THE MERIT INDEX 2
a7 on
aoa0n DIMENSIDON ILESOU>:F¢°SOU‘5FR£°SDU*
nasog - CALL IFILE<Ys “SL4,.DRT 2
1000 RERD (152
ni1a0 A FORMART ¢~
n1zon DO 1 I=150:2200»1
o1300 J=1-149
1400 RERD (1S Xl SC 2 s RCID s TR
nison 5 FORMRY ¢ “sF11.4s2E11.3:F11.4)
g1s00 1 CONTINUE
niFnn 3 WMRITE S, 72
01300 v FORMART ¢ ENTER TI AND TM CINITIAL AND MAXIMUM TEMP (K> )
01300 REARD(S» 3 TIsTM
2000 ] FORMAT (25>
nz1o0 FLRAG=0,
gzz200 IFCTI.ER. 02 5TOP
02300 15 IF{FLAG.E®.1.2307T0 2
g2400 WRITE(S»11>
02500 11 ' FORMAT ¢~ ENTER: RTOMIC WEIGHT (G s DEMEZITY (3-CM3>s TDEBYE(K)s "7
42500 1 REZIETIVITYE-S.0OHM.CM> AT TDEBYE. "~ THERMARL
27 a0 SCONDUCTIVITY INTEGRRL (WRATT-.CM> FROM 4 TO 300K, 777
2300 _ 3 FOLLOWING PROMPTERS WILL JUST RSK FOR:R:Des TDsRTDTCIN 72
02200 FLRAG>=1.
L{ﬂuﬂ is RERD(Ss 12> FRA+Ds TDsRTD,TCI
4200 iz FORMAT (Dh2>
02300 13 IF (R.EX. 00 B0O07TO 7
03400 GE=17?.705+DeTD.  (ReRTD)
03500 AL=TD-TH
03&00 w=TD~T1
03700 WRITE ¢Ss2) XL s ¥U
03300 2 FORMRTY ¢ HL="sF11.%4s" “U="3F11,
0300 IFC4L . LT..15.0rR. 8. BT 2.2 GOTO 2
04000 LL=XLe1000.-133
04100 Li=<Ue1000.-143
a4z 90 H=.001%.5
04200 k=LL
04400 C IMTEGRATION LOOP
04500 EUM=0,
04500 i1 H=K+1
04700 ' gE=K+14q
04200 ' 22=C1000, ~E522) se2
04300 Zdl K+143
as000 A21=01000, 75210 e
05100 ZUM1=50M
15200 ZUM=3LiM+He (TR (KD #X22+CR (k—12 #xz212
05300 IFCK.LT.LUY 3070 140
15400 F=GoeIUM
05500 Z=ERRT (F»~TCI
NSE00 WRITECS=14) Fs2
;ﬂ.nu 14 FORMAT ¢ RUEMCH CRPABILITY=":F6.2» " JOULES~ <OHMeLM4) MERIT
03200 1 YRLUE="sF&5. %>
9300 5070 1S
05000 3 WRITE (S92
1100 4 FORMAT (" EMTER:AR+DsTDsRTDTCI 2
Nsez200 0 TO 16

aRann FMNT
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TAFETY LEAD MATERIAL ZELECTION =CHEME

a0t a0 >

10200 o |
FRIERIES] C TLS: THIS PrROGRAM UZEET THE OUTPUT TABLE ZL4.DRAT SEMERRTED BY SL3.F4
AINE SN i FOR TI=300.K AND GEMERARTES F{TM). ’

O0s 0 i MATERIARL FPARAMETEREZ HRE REDUESTED LIKE IN L4 FAZT PROMPTER.
GO (e C SERO ENTRY TERMINRTEZ RUNM.

nazan (s

Q00 DIMENZION CO2T3002 sRE23000 s CR 2500
00300 CRLL IFILEC1s "ZL4.DRT X

n1oao0 READ {1552

011068 FORMAT -

01z09 DO 1 I=150s2200s-1

01300 J=1-143 '

01404 READC1s Sx e T Odd a R CAx y TR 0D

i

H1500 =] FORMAT L  “2F11.4«2E11.3»F11.4>
aglsng b COMTIMUE

01700 A=52.3

0iz00 _ D=3.35

0i3agn0 Th=343.

IRV RY] RTD=1.,35

gziaa TCI=15014,

azz0a S WRITE (S 42

o=z00 FORMAT " EMTER:RA»D:«TDsRTD:TCI D
D400 RERD (S 120 A« Ds TOSRTDTCI

02500 FORMAT (S50

02500 IF ¢AR.ER.0.2 STOP

02700 TI=300.

nz2z00 WRITE (ST

023090 7 FORMAT < TI=300.K"~" M kD F oeMJ-OHM. Mgy - 270
gz000 o DO 20 KE=3210300-10 ,
031040 Tr=kKk

03200 (5=17.705e0eTD (A+RTD)

2200 “L=TD~-TM

02400 Hl=Th-T1

03500 IFCAL LT 15 0R. AU BT.2.2» HOTO 3
03500 LL=¢L+1000,-1493

0370 Li=XJe1000,-143 .

N300 H=.001+.5

3309 K=LL

IE R i INTEGRRTION LOOP

04100 TUM=0.

0320 10 E=k+1

$a 02

[y
i

04300 et T

34300 HER=(1000, <H220 ee2

04500 wel=kK+143

EC T “21=01000, SH210 ee2

04700 SUM1=3UM

HEERTL TUM=ZUM+H® (CR (KD #522+0R (k—1) #3310
4300 IF<K.LT. LUy 5078 10

15000 F=55+3UM

ns100 Z=RRRT R 2T

052090 WRITE(S«142 TMsF» 2

05200 14 FORMAT < "sF53.0:F12.2sF1
0S4 00 2 COMTINUE

05500 sOTaQ 3

X

w

255 040 3 WRITE C5y23al sl
n370a0 2 FORMAT ¢ XL="»2F11.4+" Ad="sF11.4>

DE200 TOP
05300 EMD



